Introduction
Populations with a high frequency of thalassemia show different patterns of mutation, which means that the mutant alleles must have arisen independently in different parts of the world and then reached high frequency, as induced by local factors such as random genetic drift and natural selection (Weatherall 1998) . Since Haldane (1949) suggested that the high frequency of thalassemia might reflect heterozygote advantage due to reduced susceptibility to malaria, a variety of studies has hinted that the selective factor might be malaria (Flint et al. 1993) . However, until recent years, it has been difficult to put the hypothesis onto a solid molecular footing.
In Nepal, occurrences of malaria are frequent, especially in areas below the altitude of 1200m. Some populations were able to live in the malarial zone. Since 1952, the Malaria Eradication Program has reduced the prevalence of malaria; however, hereditary diseases, including thalassemia and glucose-6-phosphate dehydrogenase (G6PD) deficiency have remained and have been considered genetic factors which might have protected the populations against malaria (Modiano et al. 1991) .
We carried out a microepidemiological study in two Nepalese populations, the Danuwar and the Tamang, for Molecular analysis of α-thalassemia in Nepal: correlation with malaria endemicity Abstract Thalassemia is a prevalent hereditary disorder characterized by impaired synthesis of globin chains. It has been suggested that the high frequency of thalassemia might reflect heterozygote advantage due to reduced susceptibility to malaria. In Nepal, malaria has often occurred in places below the altitude of 1200 m. We carried out a microepidemiological study on thalassemia in two neighboring populations in Nepal, the Danuwar and the Tamang. Settlements of the Danuwar are located below the limit of the malarial zone (1200 m in altitude), whereas those of the Tamang are found in malaria-free uplands. Three heterozygotes for hemoglobin (HbE) were observed in the Danuwars. We detected one type (Ϫα 3.7I ) of α ϩ -thalassemia that involves a deletion of 3.7 kb, leading to a loss of one of two α-globin genes, in the Danuwars, at a high gene frequency of 63%, while the gene frequency in the Tamangs was only 5%. Analysis of the α-globin gene cluster revealed that four different haplotypes were associated with the type of α ϩ -thalassemia in the Danuwars. Nucleotide sequences of the D-loop region in the mitochondrial DNA of the two populations indicated a similar nucleotide diversity in each the following reasons: Although these two populations live close to each other, the Danuwars remained all day below 1200 m, the malarial zone, while the Tamangs went down to the lowland for cultivation only during the daytime, and then went up to stay above 1200 m, in the malaria-free region, in the evening to try to prevent malaria infection in the monsoon season (Kobayashi 1996) . This suggests that the Danuwars and the Tamangs seem to have adapted to a malarial environment, biologically and culturally, respectively. To define the genetic factors involved in biological adaptation in the Danuwars, we analyzed globin genes in these two populations, and found that the frequency of α ϩ -thalassemia exhibited a population-dependent correlation with malaria endemicity. We also analyzed mitochondrial DNA diversity within and between these two populations, as markers unlinked to the α-globin gene. The magnitude of genetic diversity, as estimated by mitochondrial DNA sequences, was much smaller than that based on the frequency of α ϩ -thalassemia. The high frequency of α ϩ -thalassemia in the Danuwars is discussed in terms of biological adaptation to the malaria endemic environment.
Subjects and methods

Samples
Blood samples were collected from the two populations, the Danuwar and the Tamang, in the Kotyang area, located on a hillside about 30 km east of Kathmandu. The Danuwars live below the altitude of 1200 m in the malarial zone and the Tamangs live above 1200 m in the malaria-free region. According to ethnological investigations, the Danuwars were originally riparian dwellers and the Tamangs came from ancestors who migrated from higher hills, some 20-odd generations ago. These two populations have not intermarried (Kobayashi 1996) .
The buffy coats and red blood cells were isolated from blood samples by repeated centrifugation and washing. These samples were transported in liquid nitrogen to the laboratory in Kyushu University and stored at Ϫ80°C prior to extraction. Total genomic DNAs were prepared from peripheral white blood cells, as described (Lahiri and Nurnberger 1991) .
Characterization of hemoglobin
We used the method of Huisman et al. (1983) , slightly modified. High performance liquid chromatography (HPLC) was done at a flow rate of 1.0 ml/min at room temperature, using a Tosoh CCP series HPLC (Tosoh, Tokyo, Japan).
Detection of the E -globin gene and haplotyping of theglobin gene cluster The E -globin gene was detected by MnlI digestion of polymerase chain reaction (PCR)-amplified products and by dot blot hybridization, using the allele specific oligonucleotide probes as described by Fucharoen et al. (1990) . The mutation was confirmed by direct sequencing, as described by Winichagoon et al. (1992) . The haplotypes at seven polymorphic sites of the -globin gene cluster were determined by restriction enzyme analysis of the PCR-amplified products, as described elsewhere (Fukumaki and Fucharoen 1991) .
Determination of α-globin genotypes and haplotypes of the α-globin gene cluster Two types of α ϩ -thalassemia mutation, the 3.7-kb and 4.2-kb deletions, Ϫα 3.7 and Ϫα
4.2
, respectively, were determined by PCR, using the following primers ( Fig. 1): A:
5Ј-CCCAGAGCCAGGTTTGTTTATCTG-3Ј B:
5Ј-GAGGCCCAAGGGGCAAGAAGCAT-3Ј C:
5Ј-GCTAGAGCATTGGTGGTCATGCC-3Ј D:
5Ј-TTCTGACTCTGCCCACAGCCTGA-3Ј αG1: 5Ј-GCTGACCTCCAAATACCGT-3Ј αG11: 5Ј-CTCTGCCTCCTTGGTTAAAA-3Ј PCR was carried out in a 50-µl reaction volume containing 100-250 ng genomic DNA, 0.4µM each primer, 0.2 mM each dNTP, 10% dimethyl sulfoxide (DMSO), 2.5 U of KOD Dash and its PCR buffer (Toyobo, Osaka, Japan) on a GeneAmp PCR System 2400 (PE Applied Biosystems, Foster, CA, USA). The thermal conditions were as follows: initial denaturing at 94°C for 1 min, 30 cycles of denaturing at 94°C for 30 s, annealing at 61°C, 66°C, and 60°C for 2 s to detect the 3.7-kb and 4.2-kb deletion types and the normal allele, respectively, and extension at 74°C for 30 s, followed by final extension at 74°C for 5 min. The 3.7-kb deletion mutation gives rise to a specific amplification product of 1779 bp with the primers A and B ( Fig. 2A) . The normal 3Ј downstream region of the α2-globin gene was detected by The 1779-bp and 1529-bp fragments are amplified from the α-globin gene cluster with the 3.7-kb and 4.2-kb deletion, respectively, while no amplification occurs from the normal counterpart because of the long distance spanning the two sets of primers PCR with primers αG1 and αG11, generating a 1395-bp fragment (Fig. 2B) .
The 3.7-kb deletion was subdivided into three groups, Ϫα 3.7I , Ϫα 3.7II , and Ϫα 3.7III depending on the location of the crossover point within the Z box, the homologous region of the α-globin gene cluster. Restriction analysis with ApaI of the 1779-bp amplified fragment facilitates determination of types I, II, and III of the 3.7-kb deletion (Dode et al. 1992 ). The 4.2-kb deletion type yields a 1529-bp amplified fragment with primers C and D.
In each population, the gene frequencies of Ϫα 3.7 and αα were estimated by:
x 2n n 2n and 3.7 3.7 3.7 3.7 total
In these formulas, n means number of individuals with genotypes indicated as subscripts. The heterozygosity within the two populations was estimated by:
The heterozygosity between the two populations was estimated by:
The fixation index was estimated using the formula:
The haplotypes were determined by restriction enzyme analysis of PCR-amplified products at eight polymorphic sites of the α-globin gene cluster (Martinson et al. 1994; Higgs et al. 1986 ).
Sequencing of mitochondrial DNA and quantifying the nucleotide diversity A 740-bp fragment from the D-loop region of mitochondrial DNA was amplified by PCR from total genomic DNAs (100-250 ng), using the following primers (Horai et al. 1996) :
Forward primer: 5Ј-AAACTATTCTCTGTTCTTTC-3Ј
(16011-16030) Reverse primer: 5Ј-TAATATTGAACGTAGGTGCG-3Ј
(181-162).
Numbering of bases is according to the notation of Anderson et al. (1981) . The PCR conditions were the same as those for α-globin genotyping, except for primers and the annealing temperature, 45°C. Cycle sequencing of the DNA fragments was done in a 10-µl reaction volume, containing 100-300ng PCR-amplified DNA and 1µM forward or reverse primer, with a BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Foster, CA, USA), using a GeneAmp PCR System 2400. The sequences were analyzed on a Model ABI PRISM 377 DNA Sequencer (PE Applied Biosystems). Nucleotide sequences of a 478-bp region ranging from positions 16092 to 16569 were analyzed using DnaSP version 2.52 software (Rozas and Rozas 1997) to calculate the nucleotide diversity and the fixation index (F ST ) between the two populations (Hudson et al. 1992) .
Results
Hemoglobin (Hb) analysis and identification of the E mutation
On HPLC analysis, as one abnormal Hb peak was observed at the position of HbA 2 in three samples of the Danuwars, this peak was perhaps due to HbE. Restriction analysis of PCR-amplified products with MnlI showed that these three individuals were heterozygous for the E mutation (data not shown). This was also confirmed by dot blot hybridization with allele-specific oligonucleotide probes (Fig. 3) and direct sequencing of PCR-amplified products (data not shown). Haplotypes of the -globin gene cluster associated with the E mutation were determined by a PCR-based method (Fukumaki and Fucharoen 1991) . The haplotype of the -globin gene cluster linked to the E mutation was as follows: presence (ϩ) or absence (Ϫ) of the HincII site 5Ј to the ε-globin gene, the HindIII sites of the G γ and A γ-globin genes, the HincII sites within and 3Ј to the ψ 1-globin gene, the AvaII site of the -globin gene, the BamHI site 3Ј to the -globin gene were ϩ,Ϫ,Ϫ,Ϫ,Ϫ,ϩ,Ϫ, respectively. Fig. 3 . Detection of the E mutation by dot blot hybridization with allele-specific oligonucleotide probes. Samples D1, D2, and D3 were derived from the Danuwars with abnormal hemoglobin (Hb). Samples E /
A , E / E , and A / A were derived from a heterozygote, a homozygote for the E mutation, and a normal individual, respectively Fig. 2A,B . Polymerase chain reaction analysis detecting α ϩ -thalassemia. A The 1779-bp fragment was amplified from the 3.7-kb deletion allele (Ϫα 3.7 ) with primers A and B. B The 1395-bp fragment was amplified from the normal allele (αα) with primers αG1 and αG11. The genotypes of the specimens in lanes 2 and 4 are diagnosed as Ϫα 3.7 / Ϫα 3.7 , in lanes 1 and 6 as αα/Ϫα 3.7 , and in lanes 3 and 5 as αα/αα. M is StyI-digested λDNA as size reference. See text for details of primers Determination of α-globin genotypes and haplotypes of the α-globin gene cluster
We determined the α-globin genotypes of 110 Danuwars and 114 Tamangs in the Kotyang area, by PCR using the primers shown in Fig. 1 ) based on restriction analysis with ApaI. The 4.2-kb deletion type was not found in either population.
We determined the α-globin haplotypes of 44 alleles in the Danuwars and 9 alleles in the Tamangs, based on results of family studies. Four different haplotypes, Ia, Ib, IIa, and IIc were associated with the 3.7-kb deletion allele of the Danuwars (Table 2) .
Nucleotide diversity analysis of the D-loop region in mitochondrial DNA
We sequenced the D-loop region of mitochondrial DNA of both populations. Sequence comparison of 109 Danuwars and 71 Tamangs with the previously published mitochondrial genomic sequence (Anderson et al. 1981) showed 37 different mitochondrial DNA sequences. Thirty-two and 37 polymorphic sites were observed in the Danuwars and the Tamangs, respectively. The range of nucleotide diversity (p) within the Danuwars and the Tamangs was estimated to be 0.010 Ϯ 0.5 ϫ 10 Ϫ4 and 0.012 Ϯ 0.7 ϫ 10 Ϫ4 , respectively. F ST was calculated to be 0.050.
Discussion
In the two Nepalese populations, we noted that the frequency of α ϩ -thalassemia (0.63) in the Danuwars was much higher than that (0.05) in the Tamangs, which indicates that these frequencies exhibited an altitude-dependent correlation with malaria endemicity. We also analyzed the mitochondrial DNA diversity of each population as markers unlinked to the α-globin gene cluster. These two populations had a similar nucleotide diversity of mitochondrial DNA. Based on these data, we calculated the fixation index (F ST ) to measure the degree of genetic differentiation between these populations. Considering that the population size of mitochondrial DNA is roughly one-fourth that of chromosomal DNA, it is expected that the F ST should be larger when estimated from mitochondrial DNA diversity than that from gene frequencies of chromosomal DNA. However, between the Danuwars and the Tamangs, F ST was smaller (F ST ϭ 0.05) when estimated from the mitochondrial DNA data than when estimated from the α-globin gene data (F ST ϭ 0.55). We also found that four different haplotypes of the α-globin gene cluster were linked to the 3.7-kb deletion allele in the Danuwars. These results support the notion that the high frequency of α ϩ -thalassemia was due to locally acting factors rather than to founder or bottleneck effects.
Since Haldane (1949) suggested that the high frequency of thalassemia had resulted from malarial selection, a variety of studies has supported the hypothesis. Much data have αα
The positions of genes are shown by filled boxes and pseudogenes are shown by open boxes IZHVR, Inter-hypervariable region; S,M, and L, small, medium, and large IZHVR allele sizes, respectively; PZ/Z, ψ pseudogene / -gene come from studies of α-thalassemia in Melanesia and Polynesia. Flint et al. (1986) showed that α ϩ -thalassemia had a gene frequency proportional to the prevalence of malaria in the southwest Pacific region. They carried out a microepidemiological study in wide areas, including various heterogeneous populations, and have shown that three different α-globin gene deletions, Ϫα gene frequency between these two populations.
In the Nepalese, HbH, HbE, and -thalassemia have been detected only sporadically (Brain and Vella 1958 , Adams 1974 , Weatherall and Vella 1960 , Jackson et al. 1960 . We found three heterozygotes for HbE in this study. The same haplotype of the -globin gene cluster harboring this mutation in the Danuwars was also found in Southeast Asians with HbE. HbE is prevalent in Southeast Asian countries, especially in Thailand. The prevalence of HbE is 13% on average in Thailand and as high as 70% in the northeast of that country (Fucharoen and Winichagoon 1987) . HbE may have advantages against malaria infection, although no inhibitory effect of erythrocytes from persons with HbE on malaria parasite development was observed in an in-vitro culture system of Plasmodium falciparum (Santiyanont and Wilairat 1981) . However, we cannot conclude that HbE is selective for malaria in the Danuwars, as the frequency was low (0.014).
Since 1981, serial investigations of a lowland population, the Tharu, have been carried out in southern Nepal. These studies showed decreased malaria morbidity in the population, which showed -thalassemia, sickle-cell anemia, and glucose-6-phosphate dehydrogenase (G6PD) deficiency with a low frequency (Morpurgo et al. 1981) . Subsequently, these studies revealed that the population had a high frequency of α ϩ -thalassemia, which was almost exclusively accounted for by the Ϫα 3.7I deletion; the gene frequency reached 0.83 (Modiano et al. 1991) . The sample size in their study of α-thalassemia genotyping is relatively small, less than 20 for each population, and there is the possibility of a bottleneck effect on high frequency of α ϩ -thalassemia in populations. We determined the genotypes of more than 100 individuals for each population in central Nepal and also examined the nucleotide diversity of mitochondrial DNA to exclude the possibility of the involvement of a random genetic drift in the predominance of α ϩ -thalassemia. The biochemical evidence for resistance to malaria due to thalassemia is controversial. Several investigators have reported that thalassemic erythrocytes may be less susceptible than normal cells to malaria infection in an in-vitro culture system of Plasmodium falciparum (Friedman 1979; Ifediba et al. 1985; Brockelman et al. 1987 ), whereas reports not in agreement with these observations are also available (Pasvol and Wilson 1982; Modiano et al. 1991) . Williams et al. (1996) reported that young children homozygous for α ϩ -thalassemia in Vanuatu had a higher frequency of malaria in the first 2 years of life, after which this effect was not seen; they suggested that α ϩ -thalassemia may have been selected for the potential to increase susceptibility to Plasmodium vivax, which functioned as a natural vaccine against subsequent severe Plasmodium falciparum malaria. Allen et al. (1997) carried out a casecontrol study in north Papua New Guinea and showed that α ϩ -thalassemia protected children against malaria and other infections. It will be of interest to determine if that is also the case for the Nepalese population we studied.
In the Danuwars, haplotypes, Ia, Ib, IIa, and IIc were linked to the 3.7-kb deletion allele, and two of the, haplotypes Ia and IIa, were also linked to the normal allele. Association of haplotypes Ia and IIa with both normal and 3.7-kb deletion alleles was also noted in Southeast Asian populations (Higgs et al. 1989) , suggesting that these populations share the same origin of the 3.7-kb deletion. This speculation was prompted by the finding that the haplotype of the -globin gene cluster harboring the E -globin gene in a family of the Danuwars corresponded to that previously found in Southeast Asian populations (Fucharoen et al. 1990 ). These observations suggest a close genetic relationship between the Nepalese and Southeast Asian populations.
